Introduction
============

Due to intrinsic nanosize and easy to surface functionalization, carbon nanotubes (CNTs) have engendered great interest in nanomedicine.[@b1-ijn-10-2697],[@b2-ijn-10-2697] In addition, the near-infrared optical absorption of CNTs have been exploited for laser-heating cancer therapy, and their unusual hollow nanostructure makes CNTs useful as novel drug and gene delivery agents.[@b3-ijn-10-2697]--[@b5-ijn-10-2697] Functionalized CNTs with good water solubility and biocompatibility can cross cell membranes, transporting a wide range of biologically active molecules, including drugs, proteins, DNA, and RNA, into cells.[@b6-ijn-10-2697],[@b7-ijn-10-2697] Previous studies focused heavily on the size and chemical composition of nanomaterials and their relationship with cytotoxicity.[@b8-ijn-10-2697] It was unclear, however, if there are any other influential physicochemical material factors that can control immunotoxicity. Thus, a more strict approach to exposure and production of CNTs is required to minimize potential hazards by controlling physicochemical material properties.[@b9-ijn-10-2697]

Most nanomaterials are accumulated in specific organs, such as liver and spleen, and cleared by the blood circulatory system.[@b10-ijn-10-2697] However, spontaneous exposure of nanomaterials to immune-specific organs, such as spleen and lymph node, can stimulate the immune system and can trigger subsequent toxicity. For this reason, a more stringent examination of immune organs is essential before clinical application.[@b11-ijn-10-2697]

Single-walled carbon nanotubes (swCNTs) are thought to disturb systemic immune function, promote allergic responses, and cause platelet activation and a prothrombotic state.[@b12-ijn-10-2697]--[@b14-ijn-10-2697] In fact, many toxicological studies have reported adverse health effects such as pulmonary inflammation, glaucomatous lesions, fibrosis, and mesothelioma after administration of swCNTs into the lungs.[@b15-ijn-10-2697]--[@b17-ijn-10-2697] Specifically, several in vitro studies have demonstrated that swCNTs exhibit substantial cytotoxicity, including induction of oxidative stress and apoptosis, as well as inhibition of cellular proliferation.[@b18-ijn-10-2697]

Since individual CNTs have a very high aspect ratio, they easily agglomerate into micrometer structures in dry or suspension states.[@b19-ijn-10-2697],[@b20-ijn-10-2697] In this light, studies indicate that toxicity by CNTs is affected by changes in CNT physical and material properties, such as fiber length, diameter, surface area, agglomeration, and dispersity in aqueous systems.[@b21-ijn-10-2697]--[@b23-ijn-10-2697] Previous in vitro studies reported that CNT toxicity is related to different degrees of CNT dispersion caused by altered surface chemistry.[@b23-ijn-10-2697] Additionally, several studies have shown that the behavior of swCNTs is highly dependent on their surface chemistry in vitro (for cellular uptake) and in vivo (for blood circulation time and biodistribution).[@b24-ijn-10-2697],[@b25-ijn-10-2697] In most biodistribution studies, swCNTs exhibited selective accumulation in spleen.[@b26-ijn-10-2697] However, despite selective accumulation of swCNTs in spleen, no clear immunotoxicity in spleen due to changes in material properties of swCNTs was suggested. Thus, effective physiochemical factors for determining in vivo spleen immune-toxicity were not clarified. In this study, we elucidated the importance of hydrophilic oxide surface content on swCNTs (which determines dispersion constant of suspended swCNTs in water) as one of the influential factors for modulating spleen immunotoxicity.

Materials and methods
=====================

Controlling surface carboxylate of single-walled carbon nanotubes
-----------------------------------------------------------------

Purified swCNTs were purchased (900--1351, SES Research) and different orders of carboxylate CNTs were generated. Carboxylation is the most common functionalization to enhance water solubility of swCNTs, and in this study, three different degrees of carboxylation (COOH-low, COOH-mid, and COOH-max) were generated using previously suggested protocols.[@b27-ijn-10-2697] To generate COOH-low groups, 10 mg of swCNTs were mixed with 3 mL of H~2~SO~4~ and 1 mL of HNO~3~. The mixed solution was stirred with a magnetic stir bar for 14 hours at room temperature. Next, the solution was diluted with deionized water (1:200 v/v), filtered (200 nm pore size PTFE; EMD Millipore, Billerica, MA, USA) and washed out several times to completely remove any residual solvent on the CNTs. The swCNTs were then dried in a vacuum oven at 60°C overnight. To generate more carboxyl groups (COOH-mid), 10 mg of swCNTs were mixed with 3 mL of H~2~SO~4~ and 1 mL of HNO~3~. The prepared solution was stirred using a magnetic stir bar for 30 minutes at room temperature and sonicated for 99 minutes. The solution was then diluted, filtered and dried. To generate the greatest order of carboxyl groups (COOH-max), 20 mg of swCNTs were immersed in 9 mL of H~2~SO~4~ and 3 mL of HNO~3~ by sonication in a water bath for 30 minutes and stirred with a magnetic bar for 24 hours at 50°C. The samples were washed, filtered, and dried following the same protocols as previously described.

Size and surface chemistry of different orders of functionalized swCNTs
-----------------------------------------------------------------------

The evidence of carboxyl groups on the CNT surface was chemically identified by Fourier transform infrared spectroscopy (FTIR; VERTEX 80v; Bruker Optics Inc, Billerica, MA, USA). Samples were prepared by grinding the CNTs in an agate mortar with KBr and subjected to 70 MPa of applied pressure. The transparent flakes were analyzed within the mid-infrared wavelengths (400--4,000 cm^−1^). To analyze the oxide amount on each carboxylate swCNTs, X-ray photoelectron spectroscopy (Thermo Fisher Scientific, Waltham, MA, USA) was performed to determine the atomic weight ratio. Electron spectroscopy for chemical analysis was carried out for C1s (carbon) and O1s (oxygen) peaks to compare comparative areas of each curve representing the atomic weight ratio. Quantitative analysis of weight amount of functionalized groups (carboxyl) was analyzed by thermal gravimetric analysis (TGA; Q50; TA Instruments, New Castle, DE, USA). Ten milligrams of swCNTs were heat-treated at 60°C for 3 hours in vacuum before TGA to evaporate remaining water molecules from the surfaces. TGA was performed with increasing temperature at 10°C/minute with N~2~ supplement of 100 mL/minute. Particle size analyzer (Zetasizer Nano; Malvern Instruments, Malvern, UK) was performed to analyze particle size of used swCNTs in water.

Mouse plasma samples were obtained from healthy individuals. Blood from each donor was collected in heparin sodium and centrifuged for 5 minutes at 800 *g* to pellet the blood cells. The supernatants (plasma) were combined and stored in aliquots at −80°C. One mg/mL swCNT in phosphate buffered saline (PBS) were incubated with 10% plasma at 37°C for 1 hour. After incubation, unbound proteins were separated from the swCNT by centrifuging 12,000 *g* for 1 hour at 4°C. Plasma without swCNT was used as a control. Particle pellets were carefully washed with the PBS buffer twice, and resuspended in sodium dodecyl sulfate sample buffer. Samples were then heated at 95°C for 5 minutes to dissociate particle-bound proteins.

Cell culture and viability
--------------------------

The BALB/c macrophage cell line J774A.1 (TIB-67; American Type Culture Collection, Manassas, VA, USA), was cultivated in Dulbecco's minimum essential medium and supplemented with 2 mM glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin (1% antibiotics), and 10% non--heat-inactivated fetal bovine serum (FBS; Thermo Fisher Scientific, Waltham, MA, USA), under standard cell culture conditions (5% CO~2~ at 37°C). Cells were seeded at a density of 2×10^4^ cells/well in 96-well plates, and treated with various concentrations of swCNTs for 24 hours. Cell viability was determined using the MTT assay (Sigma Chemicals, Perth, WA, Australia). Specifically, MTT (10 mg/mL) was added into each well that contained a sample and incubated for 4 hours. Isopropanol (in 0.04 N-HCl) was added to dissolve the formazan crystals. Absorbance was read at 570 nm using a spectrophotometer. Cell viability, defined as the relative absorbance on each sample compared to that of the control, was calculated and expressed as percentage.

NO assay
--------

The amount of stable nitrite, which is the final NO product generated by activated macrophages, was determined with a colorimetric assay after 24 hours of cell seeding (5×10^4^ cells/well). Briefly, 50 μL of culture supernatant was mixed with an equal volume of Griess reagent (1% sulfanilamide, 0.1% naphthylethylenediamine dihydrocholoride, 2.5% H~3~PO~4~) and incubated at room temperature for 10 minutes. The absorbance at 540 nm was read using a spectrophotometer. Nitrite concentration was determined by extrapolation from a sodium nitrite standard curve.

Fluorescence imaging
--------------------

Cells were cultured on poly-D-lysine-coated coverslips for 24 hours and fixed with 4% paraformaldehyde in medium overnight at 4°C. Permeabilization was done in PBS with 0.1% Triton X-100 for 15 minutes at room temperature. After blocking for 2 hours with 1% bovine serum albumin (AMRESCO LLC, Solon, OH, USA) in PBS, cells were incubated with F-actin (1:500; Thermo Fisher Scientific) antibody overnight at 4°C in the absence of light. After washing, cells were mounted using ProLong^®^ Gold antifade reagent with 4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific) stains. Cells were visualized using fluorescence microscopy (Olympus Corporation, Tokyo, Japan) with metamorph analysis (Olympus).

Reactive oxygen species generation
----------------------------------

The production of reactive oxygen species (ROS) was measured by detecting the fluorescent intensity of oxidant-sensitive probe dihydrorhodamine 123 (DHR). Cells (2×10^4^ cells/well in 96-well plates) were washed with PBS. PBS was supplemented with 10 μM of DHR, and the intracellular and extracellular dye concentrations were allowed to equilibrate at 5% CO~2~ at 37°C for 30 minutes. Iron (FeSO~4~, 100 μM) was used as a positive control for ROS generation. The cells were then incubated with swCNT for 24 hours and the fluorescent intensity for DHR was recorded using fluorescent plate reader (Fluostar OPTIMA; BMG Labtech GmbH, Offenburg, Germany) at excitation of 480 nm and emission of 525 nm. The fluorescent readings were digitized using Soft Max Pro (Molecular Devices LLC, Sunnyvale, CA, USA).

Enzyme activity assay for superoxide dismutase
----------------------------------------------

Superoxide dismutase (SOD) activity was measured using the tetrazolium-based SOD assay kit (Sigma) as directed by the manufacturer. Cell pellets were resuspended in cold buffer (50 mM Tris-HCL, pH 7.5, 5 mM ethylenediaminetetra-acetic acid, and 1 mM 1,4-dithiothreitol) and centrifuged at 10,000 *g* for 15 minutes at 4°C. Sample solution was mixed with to each sample and blank 2 well. dd-H~2~O was mixed with each blank 1 and blank 3 well. Enzyme working solution was mixed with each sample and blank 1 well, incubated the plate at 37°C for 20 min (450 nm).

Animals and treatment
---------------------

Female BALB/c mice (8 weeks old) were purchased from Dae-Han Experimental Animal Center (Daejeon, Korea). The animals were housed in a laminar air-flow room maintained under a temperature of 22°C±2°C and relative humidity of 55%±5% throughout the study. The care and treatment of the animals were in accordance with the guidelines established by the Public Health Service Policy on the Humane Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee.

Mice were administered intravenously with swCNT (1 mg/kg/day) for 2 weeks. At the end of treatment period, mice were fasted overnight and euthanized by carbon dioxide. Trunk blood was collected, and various organs were aseptically excised and weighed.

Splenic T lymphocyte population and splenocytes proliferation
-------------------------------------------------------------

Single-cell splenocytes were prepared as described earlier,[@b10-ijn-10-2697] with modifications as noted below. Spleen was aseptically excised and maintained in 10 mL of cold complete Roswell Park Memorial Institute medium (RPMI) medium (RPMI-1640 with 10% heat-inactivated FBS and 1% antibiotic--antimycotic). Monocellular suspensions were prepared using a Stomacher laboratory blender (Stomacher 80; Seward Ltd, Thetford, UK). The cells were resuspended in medium.

Monoclonal antibodies were conjugated to fluorescein isothiocyanate (FITC, emission at 525 nm). Antibodies to cell-specific receptors (Santa Cruz Biotechnology Inc., Dallas, TX, USA) included anti-mouse CD3-FITC (T lymphocyte). Cells were washed in PBS, and antibody was added to samples, vortexed gently, and followed by incubation at 4°C for 30 minutes. Cells were analyzed using a flow cytometer (BD Biosciences, San Jose, CA, USA).

Single-cell splenocytes were dispensed into 96-well plates containing 10 μg/mL of Concanavalin A (Con A), and further incubated for 72 hours. The proliferation of splenocytes was determined by MTT assay. Cell proliferation was presented by the relative absorbance from Con A-stimulated control splenocytes.

Real-time polymerase chain reaction
-----------------------------------

The total cellular RNA was isolated from cells (2×10^5^ cells/well in 24-well plate). First strand complimentary DNA (cDNA) was synthesized from 2 μg of total RNA, using a Maxime RT-PreMix Kit (iNtRON Biotechnology, Daejeon, Korea). The respective primers were chosen by the Primer 3 program (Whitehead Institute for Biomedical Research, Cambridge, MA) and all primers were obtained from Genotech (Daejeon, Korea). Polymerase chain reaction (PCR) was carried out with the following primers: tumor necrosis factor (TNF)-α (F 5′-GGC AGG TCT ACT TTG GAG TCA TTG C-3′; R 5′-ACA TTC GAG GCT CCA GTG AAT TCG G-3′), interleukin (IL)-1β (F 5′-ATA ACC TGC TGG TGT GTG AC-3′; R 5′-AGG TGC TGA TGT ACC AGT TG-3′), and IL-2 (F 5′-TGC AAC GTT GGA AAG GAA AG-3′; R 5′-TAC CTA CGC AGC CCT GAT TG-3′). β-actin (F 5′-TAG ACT TCG AGC AGG AGA TG-3′; R 5′-TTG ATC TTC ATG GTG CTA GG-3′) was used to verify the equal amounts of cDNA. Quantitative real-time PCR was carried out to verify mRNA expression, using the Thermal Cycler Dice Real Time System (TP-800; Takara Bio Inc., Otsu/Shiga, Japan). Briefly, 2 μL of cDNA (100 ng), 1 μL each of sense and antisense primer solution (0.4 μM), 12.5 μL of SYBR Premix Ex Taq, and 9.5 μL of dH~2~O were mixed together to obtain a final 25 μL reaction mixture in each reaction tube. The amplification conditions were 10 seconds at 95°C, 40 cycles of 5 seconds at 95°C and 30 seconds at 60°C, 15 seconds at 95°C, 30 seconds at 60°C, and 15 seconds at 95°C. Relative quantification of mRNA expression was performed using the TP850 software. Lipopolysaccharide was used as a positive control.

Statistical analysis
--------------------

Statistical analyses were performed using the SAS statistical software (SAS Institute Inc., Cary, NC, USA). Treatment effects were analyzed using one-way analysis of variance, followed by Duncan's multiple range tests. Statistical significance was set at *P*\<0.05.

Results and Discussion
======================

Physiochemical material properties of swCNTs
--------------------------------------------

Functionalization of swCNTs with carboxyl (COOH) terminated groups were successfully generated by the previous suggested protocols.[@b27-ijn-10-2697] FTIR confirmed increased carboxyl bonds at 1,724 (cm^−1^) with reduction of C=C bonds at 1,631 (cm^−1^) due to the breaking of carbon crystals from oxidation after acidic treatment ([Figure S1A](#SD1-ijn-10-2697){ref-type="supplementary-material"}). Electrical potential also identified the surface charge of each functionalized swCNT ([Figure 1C](#f1-ijn-10-2697){ref-type="fig"}). Incremental carboxyl anions (COOH^−^) were generated in ranges from COOH-low to COOH-mid to COOH-max. Greater presence of anions resulted in increase of negative potential, as identified by [Figure 1C](#f1-ijn-10-2697){ref-type="fig"}.

Due to less presence of carboxylate anions, sediment of COOH-low was additionally centrifuged, and only suspended solutions were taken for further experiments. In this way, all samples were suspended at PBS but possess different order of carboxyl functionalization amount. Based on the particle size analysis, highly dispersed swCNTs corresponded to greater carboxyl groups and showed a relatively broad spectrum of particle sizes, with smaller size than COOH-low, whereas less-dispersed swCNTs (COOH-low) showed sharp localization of particle sizes but bigger size than COOH-mid and COOH-max ([Figure 1A](#f1-ijn-10-2697){ref-type="fig"}). Amount of adsorbed plasma proteins revealed the greatest adsorption amount on COOH-max compared to COOH-mid and COOH-low (inset image of [Figure 1A](#f1-ijn-10-2697){ref-type="fig"}). This result was identical to the greatest adsorption amount of FBS 10% protein on COOH-max compared to COOH-mid and COOH-low.[@b27-ijn-10-2697] Greater plasma protein adsorption on high-carboxyl carbon structures than on less-carboxyl structures might be due to increased surface area in a given volume (nonspecific hydrophobic adsorption). This is because most plasma proteins in PBS did not result in change of electric potential (plasma proteins were neutral in PBS) and thus, electric interaction between plasma and each degree of carboxylate nanotubes was not significant.

TGA curves show different carboxyl weight for each of the functionalized swCNTs. The concentration of carboxyl groups corresponded to 2.72 mmol/g, 4.71 mmol/g, and 4.94 mmol/g for COOH-low, COOH-mid, and COOH-max, respectively (based on the percentage of weight loss temperatures between 200°C and 480°C; [Figure S1B](#SD1-ijn-10-2697){ref-type="supplementary-material"}).[@b28-ijn-10-2697] As such, the amount of carboxyl weight on the differently functionalized swCNTs showed slight difference in carboxyl weight between COOH-mid and COOH-max whereas COOH-low exhibited less carboxyl groups compared to COOH-mid and COOH-max ([Figure S1B](#SD1-ijn-10-2697){ref-type="supplementary-material"}).

In addition, the most-dispersed COOH (COOH-max) exhibited the highest oxygen atomic content at 290 eV (CO and C=O), which corresponded with 30% of oxygen on carbon (weight ratio), whereas COOH-low corresponded with 25% of oxide, as identified by X-ray photoelectron spectroscopy ([Figure 1B](#f1-ijn-10-2697){ref-type="fig"}). Changing the carboxyl degree of functionality directly influenced the dispersity of swCNTs ([Figure 1D](#f1-ijn-10-2697){ref-type="fig"}). Diffusion constant, defined as D~diffusion~: diffusivity with the dimension of length^2^/time^−1^, recorded highest value for the greatest oxide amounted carbon surfaces (COOH-max) compared to COOH-mid and COOH-low in water ([Figure 1D](#f1-ijn-10-2697){ref-type="fig"}). This physical value is directly correlated to dispersity of swCNTs in water. The surface charges measurement of three different carboxyl groups showed increasing negative potential as carboxylation increases (greater presence of anions: COO^−^) ([Figure 1C](#f1-ijn-10-2697){ref-type="fig"}).

Increasing hydrophilicity of swCNTs mitigates immunotoxicity
------------------------------------------------------------

Viability of macrophages (J774A.1) was analyzed using MTT assay to investigate whether differently dispersed swCNTs induce different levels of cytotoxicity after 24 hours exposure ([Figure 2A](#f2-ijn-10-2697){ref-type="fig"}). The COOH-max (highly dispersed) particles were less toxic than the COOH-low and COOH-mid particles and showed the lowest cytotoxicity toward macrophages. Hydrogen peroxide was used as a positive control. In addition, we observed the cellular uptake of dispersed swCNTs by densitometric analysis ([Figure 2B](#f2-ijn-10-2697){ref-type="fig"}) and confocal microscopy ([Figure 2C](#f2-ijn-10-2697){ref-type="fig"}). Cells were treated with each dispersed swCNT (1 μg/mL) for 24 hours and stained with F-actin-FITC and DAPI for actin and nuclei, respectively. Confocal microscopy showed that differently dispersed swCNTs were similarly translocated into the cytoplasm ([Figures 2C](#f2-ijn-10-2697){ref-type="fig"} and [S2](#SD2-ijn-10-2697){ref-type="supplementary-material"}). These results suggest that each dispersed swCNT (COOH-low, -mid, and -high) induced different cytotoxicities, whereas differently dispersed swCNTs were similarly translocated into the cytoplasm after cellular uptake.

Next, to understand the molecular events involved in swCNT-induced cytotoxicity, the effects of differently dispersed swCNTs on ROS production ([Figure 3A](#f3-ijn-10-2697){ref-type="fig"}) and SOD activity ([Figure 3B](#f3-ijn-10-2697){ref-type="fig"}) were analyzed. Oxidative stress is a common mechanism for cell damage induced by nanoparticles and ultrafine particles, and various nanomaterials have been shown to produce ROS.[@b29-ijn-10-2697],[@b30-ijn-10-2697] ROS are stable and highly reactive compounds that can strip electrons from cellular macromolecules and render them dysfunctional.[@b31-ijn-10-2697] Chain reactions of self-propagating free radicals (molecules that contain an unpaired electron in their outermost shell) mediate lipid peroxidation and cause cell membrane structure damage, thereby inducing cell death.[@b32-ijn-10-2697],[@b33-ijn-10-2697] The accumulation of ROS, superoxide radicals, and hydroxyl free radicals depleted cellular glutathione and minimized the defensive effects of cellular antioxidant enzymes such as SOD.[@b34-ijn-10-2697] In our study, the COOH-max showed much less ROS production and SOD activity than that shown by the less-dispersed swCNTs ([Figure 3](#f3-ijn-10-2697){ref-type="fig"}). These results were confirmed using other immune cell types such as T cells (Jurkat cells) and monocytes (THP-1) ([Figure S3](#SD3-ijn-10-2697){ref-type="supplementary-material"}). The COOH-max showed less cytotoxicity and ROS production in both Jurkat cells and THP-1. Thus, we concluded that increasing dispersion induces less cytotoxicity and decreased ROS production and SOD activity.

Although each dispersed swCNT (COOH-low, -mid, and -high) was similarly translocated into the cytoplasm after cellular uptake ([Figure 2C](#f2-ijn-10-2697){ref-type="fig"}), COOH-max particles induced lower NO production and expression of proinflammatory cytokines such as IL-1β and TNF-α ([Figure 4A--C](#f4-ijn-10-2697){ref-type="fig"}). These results suggest that different degrees of swCNT dispersion cause different toxicity and inflammatory responses, although all degrees of swCNT dispersion resulted in similar cellular uptake.

In some studies, swCNTs with different degrees of agglomeration were investigated in primary cultures derived from chicken embryonic spinal cord or dorsal root ganglia.[@b35-ijn-10-2697] In this primary cultures study, cytotoxicity was more pronounced on highly agglomerated swCNTs as than on the cells exposed to the better-dispersed swCNT bundles. Other in vitro experiments using human mesothelioma cell line MSTO-211H indicated stronger cytotoxic effects of agglomerated swCNTs compared to well-dispersed nanotubes.[@b23-ijn-10-2697] Therefore, the dispersity of swCNTs can play an important role in determining their cytotoxicity.

To confirm the cytotoxicity of differently dispersed swCNTs, an in vivo experiment was performed to analyze the immunotoxicity of dispersed swCNTs (1 mg/kg/day, administered by intravenous injection during 2 weeks). Neither mean body weight ([Figure S4A](#SD4-ijn-10-2697){ref-type="supplementary-material"}) nor food and water consumption (data not shown) was altered by swCNTs treatment. No significant changes in tissue weights were detected in given administration ([Figure S4B](#SD4-ijn-10-2697){ref-type="supplementary-material"}). However, the white blood cell (WBC) counts in the serum decreased significantly upon exposure to COOH-low particles, but remained at normal levels for COOH-max ([Figure 5A](#f5-ijn-10-2697){ref-type="fig"}). Because WBCs help defend the body against pathogen invasion, a change in the serum WBC count implies an alteration of the immune response. Furthermore, exposure to swCNTs altered the T lymphocyte population in the spleen ([Figure 5B](#f5-ijn-10-2697){ref-type="fig"}). The spleen, a reticuloendothelial system organ, is a part of the immune system that consists of phagocytic cells located in reticular connective tissue. The spleen is highly sensitive to damage by xenobiotics, and the lymphocyte population of the spleen is important in the immune response.[@b36-ijn-10-2697],[@b37-ijn-10-2697] Significant increases in both CD4^+^ and CD8^+^ T cells 1 day following intravenously injection of multiwall CNTs (mwCNTs) have been reported, as well as the continued elevation of CD4^+^ T cells through 7 days.[@b38-ijn-10-2697] As shown in [Figure 5B](#f5-ijn-10-2697){ref-type="fig"}, although the T lymphocyte population was increased by all dispersed swCNTs, the COOH-max produced a lesser effect on the T lymphocyte population than that produced by the COOH-low and COOH-mid. In addition, a splenocyte proliferation assay showed similar effects on the T lymphocyte population ([Figure 5C](#f5-ijn-10-2697){ref-type="fig"}). Other studies indicate good tolerability and no tissue accumulation for water-dispersible highly functionalized mwCNTs in mice. In this regard, a higher degree of functionalization leads to less retention of the nanotubes in tissues.[@b39-ijn-10-2697] Therefore, our results suggest that less-dispersed swCNTs increase immunotoxicity, but use of highly dispersed swCNTs (COOH-max) shows lower level of immune function.

Due to change in the T lymphocyte population, we measured the expression of cytokines important for proinflammation (IL-1β and TNF-α) and proliferation (IL-2) in the spleen ([Figure 5D--F](#f5-ijn-10-2697){ref-type="fig"}). As expected, the highly dispersed COOH-max induced less expression of IL-1β, TNF-α, and IL-2 than less-dispersed COOH-low and COOH-mid. These results indicate that less-dispersed swCNTs may cause immunotoxicity and inflammation in the spleen, while highly dispersed swCNT exhibits normal ranges.

Many studies have been performed on the biological effects of carbon nanotubes, and the interactions between proteins and CNTs (nanoparticle--protein corona) are believed to play an important role in the biological effects of CNTs.[@b40-ijn-10-2697] Especially, it was reported that binding of blood proteins to carbon nanotubes reduces cytotoxicity.[@b41-ijn-10-2697] In our results, also binding proteins revealed the greatest adsorption amount on COOH-max (high dispersed swCNT), and COOH-max reduced immunotoxicity and inflammation in immune cells and spleen. The formation of the protein corona gives rise to the biological identity of particles, which critically regulates their cell recognition.[@b42-ijn-10-2697] Several studies have reported that the protein corona reduces the cell membrane adhesion of particles.[@b43-ijn-10-2697] In addition, higher functionalization density on the surface of a CNT results in less reticuloendothelial system accumulation and greater urinary excretion of the CNT. By tuning the degree of surface functionalization of mwCNTs, a greater control over organ biodistribution and clearance could be achieved.[@b44-ijn-10-2697] In this regard, mwCNTs with a high degree of oxidation were rapidly cleared from the body through renal excretion without causing nephrotoxicity. The degree of functionalization on carboxylated mwCNTs can influence tissue distribution and toxicokinetic profile.[@b45-ijn-10-2697] On the basis of these results, we speculate that highly dispersed swCNTs (COOH-max) induce relatively low immunotoxicity because of rapid excretion from the body.

The swCNTs have generated great interest due to their promising biomedical applications in drug delivery systems. However, application of swCNTs in biomedical fields requires the verification of their potential toxicity. To develop better swCNTs for drug delivery, many researchers have investigated interactions between toxicity and physicochemical properties, such as size distribution, electronic properties, surface properties, solubility, aggregation, and shape.[@b1-ijn-10-2697] Functionalization of CNTs, essential for drug delivery, has potential harmful effects upon immune response. We observed that high dispersion of swCNT could mitigate immunotoxicity and inflammation in immune cells and immune organs. Especially, highly dispersed swCNTs diminished immunotoxicity of spleen through reducing the T-cell population and inflammation. In this light, dispersity of swCNTs could be a dominant factor regulating immunotoxicity. Our findings provide a useful guideline for suitable physicochemical states of swCNTs in drug delivery.

Conclusion
==========

We investigated the immunotoxicity of swCNTs by controlling their physicochemical properties, especially dispersity. Greater carboxyl functionalization made a greater dispersion of swCNTs with small size. Importantly, high carboxylation induced greater adsorption of plasma proteins through increased surface area of swCNTs. These results suggest that high dispersion of swCNT is a source of mitigating immunotoxicity and inflammation in immune cells and immune organs. As a result, dispersity is a critical factor for determining immunotoxicity. Comprehensive understanding of the interaction of various physicochemical properties of swCNTs with protein corona can further elucidate their detailed relationship with toxicity and can thus provide useful safety guidelines for nanotherapeutic drug delivery applications.

Supplementary materials
=======================

###### 

Carboxyl functionalization (FTIR) and amount of functionalization on swCNTs (thermal gravimetric analysis).

**Notes:** (**A**) FTIR signals for functionalized swCNTs showed increased carboxylate bonds (C=O) at 1,720 (cm^−1^), whereas unmodified swCNTs did not exhibit any notable peaks around the C=O energy. Signals from crystalline carbon lattice structures (C=C) diminished after acidic treatment (for functionalization) as identified around 1,600 (cm^−1^). (**B**) The carboxyl weight percentages of COOH-low, COOH-mid, and COOH-max were 12%, 21%, and 22% (at 600°C), respectively.

**Abbreviations:** FTIR, Fourier transform infrared spectroscopy; swCNT, single-walled carbon nanotube.

###### 

Macrophage uptake of differently dispersed single-walled carbon nanotubes.

**Notes:** Cells (2×10^5^ cells/well in 4-well plates) were treated with 1 μg/mL swCNTs for 24 hours. After treatment with swCNTs, the cells were stained with F-actin (green) and DAPI (blue). Images showed intracellular location of swCNTs (black). Most of swCNTs were sufficiently uptaken by macrophages, regardless of carboxylation order. The fluorescence was visualized using confocal microscopy (×200).

**Abbreviations:** CON, control; DAPI, 4′,6-diamidino-2-phenylindole; swCNT, single-walled carbon nanotube.

###### 

Effects of dispersed single-wall carbon nanotubes on Jurkat and THP-1 cytotoxicity.

**Notes:** (**A**, **B**) Jurkat cells. (**C**, **D**) THP-1 cells. For cell viability, cells (2×10^4^ cells/well in 96-well plates) were treated with various concentrations of dispersed swCNTs. After 24 hours of treatment, cell viability was determined using the MTT assay. Hydrogen peroxide (500 μM) was used as a positive control. For ROS production, cell viability was determined by the relative absorbance compared to control. Cells (2×10^4^ cells/well in 96-well plates) were treated with 1 μg/mL swCNTs for 24 hours. After treatment, the cells were stained with 10 μM DHR 123 for 30 minutes. Production of ROS was determined using DHR 123 staining. The fluorescent intensity of DHR was recorded using a fluorescent plate reader. FeSO~4~ (100 μM) was used as a positive control. The results are presented as mean ± SE of three independent experiments. \**P*\<0.05 significantly different from control.

**Abbreviations:** CON, control; DHR, dihydrorhodamine; MTT, 3(4,5-dimethylthiazolyl-2)2,5-diphenyl tetrazolium bromide; ROS, reactive oxygen species; SE, standard error; SOD, superoxide dismutase; swCNT, single-walled carbon nanotube.

###### 

Body and tissue weight changes by dispersed swCNTs.

**Notes:** (**A**) Body weight. (**B**) Tissue weight. Various swCNTs (1 mg/kg/day) were administered to mice by intravenous injection through the tail for 2 weeks. At the end of the treatment period, the mice were fasted overnight and euthanized using carbon dioxide. Various organs were aseptically excised and weighed. The results are presented as mean ± SE (n=10).

**Abbreviations:** CON, control; SE, standard error; swCNT, single-walled carbon nanotube.
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![Particle size and electric potential of single-walled carbon nanotubes with different order of dispersion (carboxylation).\
**Notes:** (**A**) Particle size analysis of COOH-low, COOH-mid, and COOH-max functionalized swCNTs in PBS showed greater particle size as decreasing carboxylation and increasing narrow spectrum of size distribution. Inset image shows greater amount of plasma adsorption on swCNTs with increasing carboxylation. (**B**) XPS shows increasing oxide atoms with increasing order of carboxylation (COO^−^). (**C**) Zeta potential shows increase of negative charges with increasing carboxyl anions in PBS. (**D**) Diffusion constant (proportional to dispersity) in PBS shows greater diffusion constant with increasing carboxylation.\
**Abbreviations:** PBS, phosphate-buffered saline; swCNT, single-walled carbon nanotube; XPS, X-ray photoelectron spectroscopy.](ijn-10-2697Fig1){#f1-ijn-10-2697}

![Effects of dispersed single-walled carbon nanotubes on cytotoxicity and level of cellular uptake in macrophages.\
**Notes:** (**A**) Cells (2×10^4^ cells/well in 96-well plates) were treated with various concentrations of dispersed swCNTs. After 24 hours of treatment, cell viability was determined using the MTT assay. Hydrogen peroxide (500 μM) was used as a positive control. Cell viability was determined by the relative absorbance compared to control. (**B**, **C**) Cells (2×10^5^ cells/well in 4-well plates) were treated with 1 μg/mL swCNTs for 24 hours. After treatment with swCNTs, the cells were stained with F-actin (green) and DAPI (blue). Images showed intracellular location of swCNTs (black). The fluorescence was visualized using (**B**) densitometric analysis and (**C**) confocal microscopy (×400). The results are presented as mean ± SE of three independent experiments. \**P*\<0.05 significantly different from control.\
**Abbreviations:** CON, control; DAPI, 4′,6-diamidino-2-phenylindole; MTT, 3(4, 5-dimethylthiazolyl-2)2,5-diphenyl tetrazolium bromide; PBS, phosphate-buffered saline; SE, standard error; swCNT, single-walled carbon nanotube; XPS, X-ray photoelectron spectroscopy.](ijn-10-2697Fig2){#f2-ijn-10-2697}

![Effects of dispersed single-walled carbon nanotubes on oxidative stress.\
**Notes:** (**A**) Cells (2×10^4^ cells/well in 96-well plates) were treated with 1 μg/mL swCNTs for 24 hours. After treatment, the cells were stained with 10 μM DHR 123 for 30 minutes. Production of ROS was determined using DHR 123 staining. The fluorescent intensity of DHR was recorded using a fluorescent plate reader. (**B**) Cells (2×10^6^ cells/well in 6-well plates) were treated with 1 μg/mL swCNTs for 24 hours. Superoxide dismutase (SOD) activity was determined using a tetrazolium-based SOD assay kit. FeSO~4~ (100 μM) was used as a positive control. The results are presented as mean ± SE of three independent experiments. \**P*\<0.05 significantly different from control.\
**Abbreviations:** CON, control; DHR, dihydrorhodamine; ROS, reactive oxygen species; SE, standard error; SOD, superoxide dismutase; swCNT, single-walled carbon nanotube.](ijn-10-2697Fig3){#f3-ijn-10-2697}

![Effects of dispersed single-walled carbon nanotubes on NO production and cytokine expression.\
**Notes:** (**A**) Cells (2×10^4^ cells/well in 96-well plates) were treated with 1 μg/mL of differently dispersed swCNTs. After treatment for 48 hours, NO production in the culture media was assayed using Griess reagent. Lipopolysaccharide (30 ng/mL) was used as a positive control. (**B**, **C**) Cells (2×10^5^ cells/well in 24-well plates) were treated with 1 μg/mL swCNTs for 24 hours. Gene expression of (**B**) IL-1β and (**C**) TNF-α was analyzed using real-time PCR. The results are presented as mean ± SE of three independent experiments. \**P*\<0.05 significantly different from control.\
**Abbreviations:** CON, control; IL, interleukin; LPS, lipopolysaccharide; PCR, polymerase chain reaction; SE, standard error; swCNT, single-walled carbon nanotube; TNF, tumor necrosis factor.](ijn-10-2697Fig4){#f4-ijn-10-2697}

![Effects of dispersed single-walled carbon nanotubes on serum WBC count and the spleen.\
**Notes:** Various swCNTs (1 mg/kg/day) were administered to mice by intravenous injection through the tail for 2 weeks. (**A**) At the end of animal treatment, the mice (n=10) were fasted overnight and euthanized using carbon dioxide. Serum was collected, and WBC count was obtained using a hemocytometer after lysis of RBCs. (**B**) Flow cytometry analysis of T lymphocyte (CD3^+^) populations. T-cell population comprised the absolute number of cells that expressed CD3^+^. (**C**) Splenocytes were isolated and cultured into 96-well plates containing Con A (10 μg/mL) for 72 hours. Cell proliferation is represented by the relative absorbance from Con A-stimulated control splenocytes. Gene expression of (**D**) IL-2, (**E**) IL-1β, and (**F**) TNF-α in the spleen was analyzed using real-time PCR. The results are presented as mean ± SE (n=10). \**P*\<0.05 significantly different from control.\
**Abbreviations:** CON, control; Con A, Concanavalin A; IL, interleukin; PCR, polymerase chain reaction; RBC, red blood cell; SE, standard error; swCNT, single-walled carbon nanotube; TNF, tumor necrosis factor; WBC, white blood cell.](ijn-10-2697Fig5){#f5-ijn-10-2697}
